A control system for the Fermilab Master-Slave servo manipulator has been developed. This new system offers a significant improvement in operational performance over the extant servo design with additional emphasis on simplicity of operation and maintainability. The servo manipulator is force-reflecting in each ofthe seven independent bilateral motions. Master force multipliciation is automatically increased as the slave force is increased to its fifty pound capacity. The design incorporates triac control of the low inertia twophase servomotors and makes extensive use of digital circuits in the servo loops. The manipulator is utilized in servicing radioactive beam-line targeting equipment.
A control system for the Fermilab Master-Slave servo manipulator has been developed. This new system offers a significant improvement in operational performance over the extant servo design with additional emphasis on simplicity of operation and maintainability. The servo manipulator is force-reflecting in each ofthe seven independent bilateral motions. Master force multipliciation is automatically increased as the slave force is increased to its fifty pound capacity. The design incorporates triac control of the low inertia twophase servomotors and makes extensive use of digital circuits in the servo loops. The manipulator is utilized in servicing radioactive beam-line targeting equipment.
Background
Since 1974, a pair of ANL Mark E4A manipulator arms has formed the nucleus of the remote handling aspect of servicing radioactive beam line targeting equipment. 2 The Slave arms are mounted on an overhead bridge and carriage support which provides full coverage of the main servicing area. The Master arms, together with controls for both Master and Slave, are located in a separate building beyond the shielded servicing facility. Television and audio systems link the Master and Slave visually and acoustically. An increased workload for the servicing facility, coupled with operational difficulties with the obsolete E4A electronics, 3 mandated a second and more reliable manipulator system. Two sets of Master-Slave arms identical to the E4A's, were available from prior development efforts and were assigned to the second system. Cost constraints and the desire to keep both manipulator systems compatible dictated the retention of the split-phase ac servo motors. Since no operational electronics existed for the spare manipulator, the design of a new control system was initiated.
The several years' experience of operating and maintaining the E4A manipulators provided clear guidelines as to desirable improvements. Most prominent among these was to approach the manipulator controls from a systems standpoint stressing simplicity and failsafe operation with adequate diagnostic facility. Improvement of individual servo loop performance was also anticipated. Desired system improvements included simplifying start-up and sequencing procedure, modularizing of electronics, creating a soft-start capability, and providing a reduced power mode for the Master to allownull alignment of the Master to the Slave position. Desired individual servo loop improvements included automatic force ratioing of Master and Slave forces, increasing sensitivity at low forces, allowing for separate control of Master and Slave loop performance, creating a facility for minor position and counterbalance adjustments, and limiting servo motor power as a motion is overloaded and forced to slip out of null. Force ratioing between Master and Slave is required to enhance the sensitivity of the Master at low applied Slave forces, and to decrease Master force and operator fatigue at high levels of Slave applied force. The E4A electronics provide for operation in distinct force ratios of 1:1, 2:1, 
Design Concept and Implementation
The initial and pervading design consideration was the choice of output drive configuration. The servo motors require 60 Hz reference and control fields of up to 150 volts at more than 2 amps. The reference field remains constant in relative phase as the control field is phase-offset by plus or minus 90°, thus determining the direction of servo motor torque. Output torque is proportional to the product of the reference and control field magnitudes. The design goal of automatic force ratioing and a desire to minimize motor heating suggested the separation of output drives for Master and Slave reference and control field windings. Some initial consideration was given to ac transistorized power amplifiers. This approach was thwarted due to unavailability of suitable high voltage power transistors necessary for a directly coupled output stage. Transformer coupling was judged impractical due to the power requirements and attendant consequences of size and weight. These and other considerations led to the selection of triacs as the basic controlling elements, each servo motion requiring only six such devices for individual control of motor windings. The triac's 120 Hz control bandwidth, a full order of magnitude above the bandwidth of any manipulator motion, obviated concern of a discernible pulsing effect to the operator. source, contains two custom wound transformers in a Scott-T configuration which provides reference and control fields of up to 150 Vac. The power module also contains dc power supplies and solid-state relays to commutate Master and Slave motor power and Slave brake release power. The Amplifier Module contains seven servo systems, each controlling independent bilateral motions of X, Y, and Z coordinate space, azimuth, wrist twist and elevation, and grasp. A spare eighth servo system is also provided, which is normally used as a TV pan or tilt positional servo. Each servo system consists of a low level processor card and a triac output card. A single third type of card provides overall system control and sequencing, as well as providing three 120 Hz sawtooth ramps for all of the individual triac triggering circuits. 
